We investigated the distribution of hyaluronan (hyaluronic acid) in rat vascular tissue fixed by an osmium tetroxide (or glutaraldehyde) microwave technique and embedded in epoxy resin (or Lowiayl K4M), using hyaluronan binding proteins coupled to 15-20-nm gold particles as ultrastructural markets in a one-step post-embedding procedure. The intra-and extracellular aspects of vascular endothelial and smooth muscle cell plasma membranes revealed distinct -Figure 5. Histochemical wntmls of specificity. Smooth muscle cells of rat skin (a) vascular and (b) arrector pili origin (OsOdmicrowave fixation; epoxy resin embedding) after incubation with testicular hyaluronidase (6 hr) and subsequent labeling (6 hr) with (a) link protein-gold or (b) after application (4 hr) of a link protein-gold complex pre-incubated with hyaluronan oligosaccharides. (qd) Endothelial cells of rat skin vessels (OsOdmicrowave fixation; epoxy resin embedding) after incubation with (c) Streptoqces hyaluronidase or (d) buffer (6 hr) followed by labeling (4 hr) with link protein-gold. All controls (except the buffer substitute for strep tomyces hyaluronidase digestion in d) exhibit sparse labeling with gold particles. Original magnifications: a,c,d x 52,000; b x 59,000. Bars = 0.2 um.
Introduction
On the basis principally of biochemical evidence, both normal and especially pathologically altered arterial walls appear to be relatively rich in hyaluronan (25, 36, 53) . A number of attempts have also been made to identlfy this non-sulfated glycosaminoglycan histochemically within vascular tissues. In early studies, the nonspecific glycosaminoglycan-precipitating cationic dye Ruthenium Red was used and electron microscopic examination of arterial walls fixed in its presence revealed a close association between testicular hyaluronidase-digestible Ruthenium Red-positive granules and arterial smooth muscle cell membranes (62) . The introduction of biotinylated hyaluronan binding proteins as a more specific means for detecting hyaluronan (44) stimulated the undertaking of several light microscopic investigations for its localization in vessels of both normal and pathologically altered tissues (10,12,32, 59, 60, 63) . However, histochemical analyses using these probes have consistently failed to reveal a convincing relationship between hyaluronan and vessel walls, at least in normal tissues (12, 32, 59, 60, 63) . Only recently have k e s q u e et al. (33) been able to demonstrate unequivocally at the light microscopic level the presence of hyaluronan and hyaluronectin, a hyaluronan binding protein, in the subendothelial space and extracellular matrix surrounding smooth muscle cells of normal adult human carotid arteries.
In the present study, precise ultrastructural localization of Supported hyaluronan in the vascular walls of several rat tissues was achieved using a modified histochemical probe (16).
Materials and Methods
Specimen Handling. Adult (3-6 months) pigmented (wild-type) and non-pigmented (Wistar) rats were sacrificed by an overdose of pentobarbital. Pieces of abdominal wall skin 2 x 2 mm and 1 mm thick were prepared and immersed in fixative. Eyes were enucleated and the halfposterior to the ciliary body cut away. The lens was removed and the entire anterior portion fied; it was further dissected into 8-12 radial segments before dehydration and embedding.
Microwave Oven Set-up. For all experiments, a conventional microwave oven with a maximal power output of 650 W was used. A water load (200 ml in a beaker) placed in a rear corner of the oven (34) served as a damper to increase irradiation times to 10 sec or more. Glass vials (24 x 40 mm) containing the specimens and 10-ml fixative were placed in the center of the microwave Oven and heated at maximal power output and a frequency of 2450 MHz.
Osmium TeaOXidelMimve Fixation and Embedding in Epoxy Resin.
Rat abdominal wall skin blocks and anterior eye portions were fixed for 2 min at ambient temperature in 2% (vlv) Os04 solution (in 0.2 M sodium cacodylate buffer; pH 7.2, 450 mOsm). They were then transferred to a microwave oven and heated until temperatures of 43-46'C were attained (-12 sec) (16). Samples were maintained in the fixative solution for 10 min at ambient temperature before washing in 0.1 M sodium CEOdylate buffer. They were then dehydrated in a graded series of increasing ethanol concentration and embedded in epoxy resin (Epon 812).
G1uddehydelMicrow;nn Fixation and Embedding in Lowicql K4M.
Non-pigmented rat anterior eye portions were fixed for 5 min at ambient temperature in 2.5% (vlv) glutvaldehyde solution (in 0.1 M sodium caco-EGGH, GRABER dylate buffer, pH 7.4, 520 mOsm) before heating (51-53°C) for ~1 4 sec in a microwave Oven (15). Samples were maintained at ambient temperature for 5 min before incubation in 70 mM sodium cacodylate buffer containing 30% (vlv) aqueous dimethylformamide (48) and 1.75% (vh) glutaraldehyde for 2 hr. Specimens were then dehydrated in a graded series of increasing dimethylformamide concentration with a progressive lowering of temperature (from O' C to -20.C) and then embedded in Lowicryl K4M, which was polymerized by w light at -20°C (48) .
Preparation of Histochemical Probe for Hyaluronan. Hyaluronan binding proteins were prepared from bovine nasal cartilage as described by Tengblad (56) . Proteoglycans were extracted with 4 M guanidinium chloride and hyaluronan binding proteins isolated (without trypsinization) by affinity chromatography. The recovered material contained two different link proteins with molecular weights of 45,000 and 50,000 as well as the hyaluronan binding proteoglycan monomer aggrecan (56) (in our previous studies termed "hyaluronan-binding protein"). Link proteins and aggrecan were separated by gel chromatography, and purity of the preparations controlled by SDS-polyacrylamide gel electrophoresis. Colloidal gold particles 15-20 nm in diameter were prepared according to the method of Frens (17). The minimal concentrations of the proteins required to stabilize the gold sol (27) at pH 7.0 were 7 and 12 pglml for aggrecan and link proteins, respectively. The gold complexes were prepared by adding aqueous solutions of either link proteins (1.5 ml; 160 pglml) or aggrecan (2 ml; 70 pglml) to a colloidal gold sol (20 ml, pH 7.0; diameter of gold particles 15-20 nm). A 2% (wlv) aqueous solution of bovine serum albumin (20 ml, Fraction V; Sigma, St Louis, MO) was added after 5 min and the complexes centrifuged twice (30,000 x g for 45 min at 4'C) before final re-suspension in 1 ml of Tris buffer (link protein-gold) or PBS (aggrecan-gold).
Histochemical Labeling. Ultra-thin (70-90-nm) sections on Formvarkarbon-coated nickel grids were initially floated on 1% (wlv) bovine serum albumin (in PBS) for 30 min to block unspecific staining, and then transferred either to an undiluted drop of link protein-gold (for 1, 2, 4, 6,0124 hr; epoxy resin-embedded sections) or a diluted drop (1:4) of aggrecan-gold (2 hr; Lowicryl K4M-embedded sections) at ambient temperature. They were subsequently washed by floating initially on PBS (six changes), then on distilled water (four changes), and finally dried. Sections were stained with uranyl acetate and lead citrate and examined in a Phillips EM 400 electron microscope.
Histochemical Controls of Specificity. The specificity of the hyaluronan binding probes was d e m o m t e d by treating sections with Strepttomycees hyaluronidase (Sigma, Type IX) or testicular hyaluronidase (Fluka; Buchs. Switzerland) and by pre-incubating probes with hyaluronan oligosaccharides as previously described (16). All digestion experiments included controls (absence of the respective enzymes) incubated under similar conditions. Quantihtion of Gold Labeling. For cytomorphometry, ultra-thin sections were obtained from epoxy resin-embedded rat skin and incubated with link protein-gold (for 2 hr and 6 hr). Applying an isotropic test system (after Merz) (58) to electron micrographs of small arteries (final magnification 160,000), the length of "naked and caveolated surfaces associated with vascular endothelial and smooth muscle cells was measured and the number of gold particles associated with the respective membrane segments counted. Labeling intensity over nuclei (vascular endothelial cells), cytoplasm (vascular endothelial and smooth muscle cells), and pure epoxy resin was estimated by counting the number of gold particles per unit area.
Results
Ultrastructural emmination of muscular arteries within rat skin tissue sections exposed to hyaluronan binding probes revealed distinct labeling of the intra-and extracellular aspects of vascular endothelial and smooth muscle cell membranes, moderate staining of nuclei (95 link protein-gold particleslloo pm2 nuclear section area after 2-6 hr of incubation) and cytoplasm (247 and 167 link protein-gold particlesllO0 pm2 cytoplasmic section area of vascular endothelial and smooth muscle cells, respectively) and almost complete absence of staining within non-cell-membrane-associated areas of intimal, medial, and adventitial extracellular matrices (Figure la) . Labeling of pure epoxy resin, which can be considered as an estimate of background staining, was very low (4.4 link protein-gold particles/ 100 pm2 ).
Vascular smooth muscle staining in particular was associated mainly with caveolae ( Figure Ib) , naked (uncaveolated) stretches of the cell surface exhibiting an approximately twofold lower affinity for the label per unit membrane length (Table 1 ). However, quantification of cytoplasmic labeling was hampered by difficulty in distinguishing tangentially sectioned caveolar structures from intracellularly localized hyaluronan, which is therefore overestimated. Within the cytoplasm, gold particles were observed over mitochondrial membrane profiles, but almost never in association with myofilaments ( Figure 1b Caveolated portions of vascular endothelial cells (Figures 2a and 2b) were 1.5-fold more intensely labeled than naked portions of the cell surface, which exhibited a staining intensity similar to that of vascular smooth muscle cells (Table 1) . Hyaluronan was regularly seen in association with the intercellular clefts between capillary endothelial cells in both skin and ocular capillaries (Figure 2c Sections treated with testicular hyaluronidase (Figure 5a ) or Streptomyces hyaluronidase (Figure 5c ) failed to yield a specific (positive) staining with the hyaluronan binding probes, whereas the respective buffer controls of the digestion experiments were intensely labeled (Figure 5d ). Pre-incubation of link protein-gold complexes with hyaluronan oligosaccharides completely blocked labeling (Figure 5b) . Table 1 
. Quantitative estimation of cell membrane-associated labeling in denna(arten;ll vascular endothelium andsmooth muscle cells with linh protein-gold complexes

Discussion
Demonstration of hyaluronan at the ultrastructural level depends on an adequate fixation technique and a histochemical probe of high sensitivity and specificity. To avoid, or at least to minimize, the extraction of hyaluronan and other water-soluble glycosaminoglycans during aqueous fixation and at the same time to achieve reasonable ultrastructural preservation, tissue blocks were processed by microwave-accelerated os04 or glutaraldehyde fixation (16, 26,34). Furthermore, direct coupling of hyaluronan binding proteins to gold particles (16) improves the sensitivity and precision of hyaluronan localization (13.14.16) compared to the biotin-streptavidin-peroxidase system (44) , thus permitting analysis at the ultrastructural level. However, labeling by both means is restricted to those hyaluronan molecules that expose freely accessible decasaccharide chains (47) . Partial or complete saturation of hyaluronan by hyaluronan binding molecules, such as aggrecan ( 5 ) , versican, and other large chondroitin sulfate proteoglycans synthesized by vascular endothelial (40) and smooth muscle cells (31,64), blocks staining (22), which can be recovered only by unmasking treatment with enzymes such as chondroitinase ABC ( 5 ) . Therefore, lack of staining in, for example, the intimal, medial, and adventitial extracellular matrices using our probes does not exclude the possible presence of hyaluronan at these locations. Labeling of vascular endothelial and smooth muscle cell membranes is not unexpected, considering their capacity to secrete (4,11,29,30,36,39,49,50) as well as to bind (3,6), endocytose (61), and degrade (38) hyaluronan, as demonstrated in in vitro assays. Immunohistochemical staining of normal human tissues has, moreover, recently revealed co-expression of the transmembranal enzyme hyaluronan synthase with CD44 (a transmembranal glycoprotein that preferentially binds hyaluronan) in endothelial and smooth muscle cells (57) . Indeed, hyaluronan molecules associated with the luminal aspect of vascular endothelial cells could be involved in the CD44-mediated adhesion of circulating blood cells, particularly that of lymphocytes. The horizontal alignment of gold particles along cell surfaces is most likely due to the collapse during dehydration of newly secreted (42) and/or receptor-bound hyaluronan molecules (33,57), which would otherwise appear as beaded chains lying perpendicular to the plane of plasma membranes.
In the present study, the highest concentration of the ultrastructurally stainable hyaluronan was found in close association with the caveolae (also more loosely termed plasmalemmal or micropinocytotic vesicles) of vascular endothelial cells and with those of smooth muscle cells in diverse locations (vascular, arrector pili, ciliary body). A previous investigation found a similar relationship for corneal endothelial cells and keratocytes (13). In all cell types, these entities have been reported to represent inpocketings of the cell membrane (51) (and are therefore continuous with the extracellular matrix). They may be involved in endocytosis of hyaluronan, and indeed both smooth muscle and endothelial cells have been found capable of undergoing this process in vitro (38, 61) . On the other hand, it appears that caveolae represent major sites of exchange between extracellular (caveolae) and intracellular (smooth endoplasmic reticulum) pools of calcium (2, 9, 19, 20, 41, 54) . Whether the presence of hyaluronan in caveolae has a functional bearing on this exchange mechanism is not known, but it could quite plausibly act as the unidentified (19) calcium buffer within these structures, given its high capacity and low-affinity binding for this ion (28), both of which parameters lie within the range reported for other calcium binding molecules, such as calsequestrin (35).
Hyaluronan has been previously demonstrated in the intercellular spaces of a number of epithelia (1,13,55) as well as in corneal endothelium (13), and it has been suggested that it may play a major role in maintaining the patency of these regions, thus allowing and/or controlling the diffusion of molecules through successive cell layers (1,55). The association of hyaluronan with the intercellular spaces of vascular endothelial cells demonstrated in the present study could reflect a similar function, particularly considering recent findings that favor a para-(7,9,51) rather than a transcellular route (52) for the bidirectional transport of substances across blood vessel walls.
Moderate intracellular staining was consistently observed and has been reported also by other investigators (8, 14, 43, 45) . Indeed, intracellular hyaluronan receptors have been isolated from hepatic ceh (18), suggesting a role for this glycosaminoglycan in maintaining cell shape and integrity under the influence of external pressure (18). Staining of nuclear heterochromatin in both vascular and other cell types using our hyaluronan binding probes is also in agreement with published histochemical (8,43) and biochemical (21, 37) data, but the functional implications of these findings are not known.
The link protein is a rather hydrophobic glycoprotein, which tends to self-aggregate in aqueous solutions containing divalent cations (46) . The hyaluronan binding aggrecan is a highly negatively charged, readily water-soluble proteoglycan monomer. Both proteins bind hyaluronan specifically and with high affinity (2 3, 24.47). Complexed to gold particles, they have consistently been found to associate with the same structures (13,14,16), irrespective of fixation solution (os04 or glutaraldehyde), dehydration conditions (ethanol or dimethylformamide), or embedding medium (hydrophobic Epon 812 or hydrophilic Lowicryl K4M). These observations, together with the finding that specific staining is absent after digestion of sections with hyaluronidases or after pre-incubation of the probes with hyaluronan oligosaccharides, renders it unlikely that molecular structures other than hyaluronan are being labeled (43,4435). 
